Dopaminergic modulation of prefrontal cortex (PFC) is important for neuronal integration in this brain region known to be involved in cognition and working memory.
Introduction
The mammalian prefrontal cortex (PFC) receives a substantial dopaminergic innervation from the midbrain ventral tegmental area (VTA) (Bjorklund and Lindvall 1984) . Dopamine is an endogenous neuromodulator in the cerebral cortex and is believed to be important for normal brain processes (Bjorklund and Lindvall 1986; Williams and Goldman-Rakic 1995) . There is strong evidence that alterations in dopamine function may play a role in pathogenesis of a number of neuropsychiatric diseases including epilepsy (Starr 1996) and schizophrenia (see Andreason 1996; Egan and Weinberger 1997; Grace et al., 1997; and Jaskiw and Weinberger 1992 for recent reviews). Our understanding of dopamine's action in the brain at the cellular and network level is still emerging. In vivo studies have shown that dopamine can both increase and decrease spontaneous firing of neocortical neurons (Bassant et al., 1990; Bradshaw et al., 1985; Bunney and Aghajanian JN-0092-2004 .R1 pg 6 cortex and the shoulder or Fr2 region of the frontal cortex (Paxinos and Watson, 1986) were used for recording. Slices were stored for 45 minutes at 37 ºC and then kept at room temperature until recording. The storage solution contained (in mM): 125 NaCl, 3.5 KCl, 26 NaHCO 3 , 10 D-glucose, 2.5 CaCl 2 and 1.3 MgCl 2 . The solution was bubbled with 95%O 2 /5%CO 2 to maintain pH around 7.4. Individual slices were subsequently transferred to a recording chamber continuously perfused (3 ml/min) with oxygenated saline at 22-23ºC. For electrophysiological studies, neurons were visualized using a Zeiss Axioskop FS microscope equipped with Nomarski optics, a 40X-water immersion lens and infrared illumination. Layer II/III pyramidal neurons were identified by their pyramidal shape, presence of a prominent apical dendrite, distance from the pial surface and their regular spiking properties. Some of the cells were labeled with biocytin for confirmation of their identity.
Whole-cell Recording
Whole-cell voltage-clamp recordings were obtained as described previously (Gonzalez-Islas and Hablitz 2003) . A holding potential of -70 mV was used throughout.
Patch electrodes had resistances of around 3 M . Series resistance during recording varied from 10 to 20 M and was not compensated. Recordings were terminated whenever significant increases (>20%) in series resistance occurred. The intracellular solution for recording synaptic currents contained (in mM): 125 K-gluconate, 10 KCl, 10 HEPES, 2 Mg-ATP, 0.2 Na-GTP, and 0.5 EGTA. pH and osmolarity were adjusted to 7.3 and 290 mOsms, respectively. Bicuculline methiodide (10 µM) was bath applied in order to block GABA A receptor mediated IPSCs. Synaptic responses were evoked with a bipolar stimulating electrode (twisted pair of 25 µm Formvar-insulated nichrome wires) positioned JN-0092-2004.R1 pg 7 in layer IV-V, at a distance of 150-200 µm below the recording pipette. Stimuli were square wave current pulses 100-400 µA in amplitude and 50-100 µs in duration. A stimulation frequency of 0.05 Hz was used. Acquisition of experimental data consisted of 15-30 consecutive responses. Signals were recoded using a Warner PC 505A amplifier (Warner Instruments Corp. Hamden, CT). Responses were filtered at 5 kHz, digitized at 10-20 kHz via a Digidata 1200B interface (Axon Instruments, Foster City, CA) and analyzed using Clampfit 8.0 software (Axon Instruments).
Voltage-sensitive dye imaging
Slices were incubated in saline containing the voltage-sensitive fluorescent dye (N-(3- (Grinvald et al., 1988 ) (30 µM) for 45-90 minutes at room temperature. After incubation in the dye, the slice was transferred to a recording chamber continuously perfused (3 ml/min) with oxygenated saline at 22-23ºC. Excess dye was washed out for at least 30 min prior to recording. The same area of PFC used for whole cell recording was chosen for imaging. Similar bipolar electrodes were used for stimulation; the stimulation site and strength were also similar to those used in whole cell recordings. Frequency of stimulation was once every minute.
Activity-dependent changes in fluorescence were detected using a Neuroplex 464 diode array (Red Shirt Imaging, Fairfield, CT). A sampling rate of 1.6 KHz was employed allowing frames to be acquired at 0.6 ms intervals. To excite the dye, light from a 100 W halogen lamp was passed through a 535 ± 40 nm filter. A computer-controlled shutter was used to limit illumination and minimize toxic effects of the dye. The emitted light was focused on the diode array after passing through a 590 nm long pass filter. The optical JN-0092-2004 .R1 pg 8 signals were amplified and stored on a computer. The resting light intensity measured for each detector was used to normalize all fluorescence measurements. Dye bleaching was corrected using measurements taken in the absence of stimulation. All optical signals are represented as percent changes in fluorescence ( F/F where F is the fluorescence light intensity of the stained slice during illumination without evoked activity and F is the fluorescence change during neuronal activity). A decrease in fluorescence, associated with membrane depolarization, is plotted as an upward deflection in all figures. Data is displayed as pseudocolor images for visualizing spatiotemporal patterns of activity.
Pseudocolor scaling was fixed for all frames in a given figure.
Drug application
Dopamine was used as the endogenous agonist for dopamine receptors. R(+)-6-chloro-7,8-dihydroxy-1-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3-benzazepine hydrobromide (SKF 81297) and R(+) -7-chloro-8-hydroxy-3-methyl-1-phenyl-2,3,4,5-tetrahydro-1H-3- benzazepine hydrochloride (SCH 23390) were used as a selective D1 agonist and antagonist, respectively. Quinpirole and S-(-)-eticlopride hydrochloride were used as a selective D2 agonist and antagonist, respectively. All the drugs were applied in bath. After recording control responses, dopamine and dopaminergic agents were bath applied for 4 minutes prior to acquisition of experimental data; bath application of the drug was then continued for the duration of acquisition of experimental data. For experiments with the dopamine antagonists, the antagonist was present in both the control and agonistcontaining solutions. Drugs were stored in frozen stock solution and dissolved in the saline prior to each experiment. Sodium metabisulfite (50 µM) was used to protect against oxidation (Sutor and Ten Bruggencate, 1990 
Data analysis and statistics
For analyzing data from imaging experiments, a region of interest (ROI) that included visually obvious activity along with a surrounding area with no apparent activity was chosen in the control recording. Peak signal amplitudes (peak F/F where F is the fluorescence light intensity at the diode without stimulation and F is the fluorescence change after stimulation) of 5 diodes outside the ROI were averaged to obtain the baseline noise level. Diodes in the ROI that showed peak signal amplitudes above twice that of the baseline noise were selected for analysis. These same diodes were selected for analysis in the image taken after drug application in that experiment. The peak signal amplitudes of these diodes were summed to get the 'peak activity'. Lateral spread of activity was estimated by calculating the distance between the two most extreme diodes in the ROI showing activity above twice the baseline noise. Duration of activity was calculated by estimating the time interval between the first and the last frames of an acquisition showing activity. These three parameters were estimated under control conditions and 10 minutes after drug application in all the imaging experiments.
Statistical comparisons were done using Student's t-test. P < 0.05 was considered significant. Statistical calculations were done with the help of OriginPro 7.0 software. Data are expressed as mean ± standard deviation (SD). To study the effect of dopamine on threshold for evoking epileptiform discharges, the stimulus intensity was gradually increased during whole cell recording until a late epileptiform discharge appeared. Under control conditions, there was a gradual increase in EPSC amplitude until epileptiform discharges were evoked in an all-or-none fashion. The threshold for generation of epileptiform activity was significantly decreased by 1 µM SKF 81297 (83% of control (SD 4.6); n = 7; P = 0.00006).
RESULTS

Dopamine and EPSCs
Voltage-sensitive dye imaging
Epileptiform discharges are generally thought to represent the synchronous discharge of a local population of neurons (Ayala et al., 1970; Gutnick et al., 1982 ). An important factor for epileptogenesis is the degree to which a population of neurons becomes JN-0092-2004 .R1 pg 11 synchronized and whether this activity spreads or propagates through the brain. The factors that determine whether a discharge stays localized or spreads are poorly understood. We therefore used imaging techniques to determine if dopamine could influence the spatiotemporal pattern of activation in local neocortical circuits.
A hexagonal photodiode array with 464 diodes was used for imaging. Using a 10X
objective, the hexagonal array imaged an area with a width and height of approximately 1.8 mm, covering from pia to white matter ( Fig. 2A) . With weak intracortical stimulation in the presence of 10 µM bicuculline, there was an initial activation of a small region in cortical layers above the stimulation site ( Fig. 2C ). Activity then spread to the adjacent cortex before returning to control levels. Following bath application of the D1 receptor agonist SKF 81297 (1 µM), response amplitudes were increased as seen by the appearance of increased number of red pixels (Fig. 2D) . The increases were clearly evident in dye signals in representative diodes (Fig. 2B ). The 'peak activity' (the sum of signal peaks in diodes showing activity; see Methods) significantly increased ( vs 174 ms (SD 61); n = 4; P = 0.0072) after dopamine application; 'peak activity' increased from 0.1325 (SD 0.0353) to 0.1854 (SD 0.0411) (n = 4; P = 0.0003). Increases in activity appeared 6-9 minutes following bath application of dopamine or SKF 81297.
The observed changes were reversible upon washing. These findings suggest that the dopamine-induced increases in EPSC amplitudes are associated with enhanced spread of activity in local cortical networks.
In other experiments, activation of dopamine receptors produced a more marked response enhancement resulting in the initiation of a late, large amplitude dye signal (7 out of 23 slices tested with 1 µM SKF 81297). This signal presumably is associated with the late synaptic currents (epileptiform discharges) observed in the whole cell recordings ( 
Dopamine-induced changes in spatiotemporal patterns of activity
Imaging of voltage-sensitive dye signals has emerged as a powerful technique for studying epileptiform activity in brain slices (Demir et al., 1998; Kita et la., 1999; Sutor et al., 1994) . Using this technique, it has been shown that, under normal conditions, moderate intensity stimulation can generate 'ensemble activity', a polysynaptic, all-or-none population activity in a local neocortical network (Wu et al., 2001 ). Spatially restricted epileptiform activity was also observed in neocortex following partial blockade of GABA A receptors (Langenstroth et al., 1996) . Kita et al (1999) found that epileptiform responses evoked by subcortical white matter stimulation in the presence of bicuculline were modulated by dopamine agonists. Both D1 and D2-receptor agonists reduced the peak optical response but did not alter the shape or size of the area of cortex responding to stimulation. There recordings were from the ventral rostral aspect of the frontal cortex and averaged responses were analyzed. In the present study, we observed spatially restricted activity in the presence of bicuculline when weak stimulation was used. The spatially restricted activity originated near the site of stimulation and spread rapidly in both vertical and horizontal directions. Increasing the stimulus intensity evoked epileptiform activity with spatiotemporal characteristics resembling those described previously using voltage JN-0092-2004 .R1 pg 17 sensitive dye imaging (Albowitz et al., 1998; Demir et al., 1998; Sutor et al., 1994; Wu et al., 2001) . Epileptiform activity involved all layers of cortex with the largest amplitude signals occurring in layers II/III, as described previously in rat (Sutor et al., 1994) , guinea pig (Albowitz et al., 1990) and human (Albowitz et al., 1998) neocortex.
The spatially restricted enhanced activity seen after D1 receptor activation is likely to reflect recurrent activation via local excitatory axon collaterals. In the present study, increased recurrent EPSCs were prominent following application of dopamine or the D1-receptor agonist SKF 81297. Subthreshold depolarization of a population of cells has been suggested to underlie formation of "dynamic ensembles" (Wu et al., 1999) . Such assemblies have persistent activation, as also observed here. This long-lasting activity may enhance synchronization, activation of adjacent neurons and initiation of epileptiform activity.
Modulation and epileptogenesis
Prerequisites for the generation of synchronized epileptiform activity observed in vitro include: (1) an intrinsic ability of the neurons to generate bursts, (2) powerful excitatory inputs through recurrent collateral connections to other cells in the local circuit sufficient to allow spread and divergence of the burst activity, and (3) an adequate decrease in inhibition in the network of neurons involved (Wong et al., 1984; 1986) . The synchronization increases and sharpens, and its latency decreases as the level of disinhibition increases (Traub et al., 1987) . The present results indicate that an additional important variable in this process may be input from neuromodulatory system and that dopamine can have significant proconvulsant actions, in part by increasing recurrent excitation and enhancing synchronization.
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The mechanisms underlying transition from spatiotemporally restricted interictal discharge to a widespread and more prolonged ictal discharge are not clear. Hippocampal modeling studies (Traub et al., 1993a,b; 1994) which minimizes the background noise thereby allowing the network to sustain specific task-related activity in the face of distracting inputs (Durstewitz et al., 2000a,b; Durstewitz JN-0092-2004.R1 pg 19 and Seamans 2002) . While extensive horizontal excitatory connections in layers II/III in the PFC may support such recurrent excitation within the local network (Gonzalez-Burgos et al., 2000, Kritzer and Goldman-Rakic 1995) , a balance between excitation and inhibition appears to be crucial in initiating and maintaining stable periods of persistent activity (Fellous and Sejnowski 2003, Shu et al., 2003) . In the present study, when using weak excitation in disinhibited slices, dopamine increased synchronization in the local excitatory neocortex. When inhibition is intact, such localized increase in activity may stay spatially and temporally restricted by recurrent inhibition (Compte et al., 2000 , Constantinidis et al., 2002 . Thus dopamine-mediated synchronization of local excitatory networks in the PFC may play a role in physiologic functions like working memory. As the level of excitation increased in the present study, the degree of synchronization increased, eventually producing epileptiform activity. Therefore, the same dopamine-mediated synchronization can give rise to a pathologic phenomenon when the level of excitation is high and inhibition is low. 
